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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
Degree Doctor of Philosophy

College/Dept. Engineering/Electrical and Computer
Engineering

Name of Candidate Wonkyu Kim
Title Plasmonic Metamaterials for Enhanced Light Transmission, Absorption, and Antireflection
Coating

In this dissertation work, subwavelength optical metamaterial structures were
investigated for control of light transmission, absorption, and antireflection coating. These
metamaterial structures are gold apertures for enhanced light transmission, gold
subwavelength gratings for antireflection, and metal-insulator-metal structures for perfect
light absorption. Gold apertures with star shapes on glass transmit light via excitation of
surface plasmon wave, which is extraordinary transmission. It was found that the
transmittance spectra depend on the period and the shape of the apertures. Gold
subwavelength grating structure metamaterials exhibit dielectric property in one direction
and metallic property in the other direction, functioning as polarization-selective
antireflection coating. Metal-insulator-metal structure blocks light transmission and
reflection is minimized at the resonance wavelength of the structure. Thus, this structure
efficiently absorbs light and functions as a perfect light absorber. If top layer is disordered,
the top layer plays a role as combination of resonating elements with various resonance
wavelengths. As a result, metal-insulator-metal structure with disordered pattern renders
wideband absorption property.
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INTRODUCTION

1.1 Motivation
Optical devices such as mirrors and lenses are widely used in our daily lives. In these devices,
optical thin films are used to control transmission, reflection, and absorption of light. To enhance
performance of devices by controlling light, thin films should have the specific refractive index
depending on the refractive index of substrate. For example, the refractive index of the thin film for
antireflection coating should be the geometric mean of the refractive indices of air and substrate.
However, finding material having the suitable refractive index is difficult or often impossible. The
solution to obtain the suitable refractive index is to design metamaterials, which consist of
subwavelength nanostructures and engineered to exhibit desired optical properties.
Plasmonic metamaterial contains plasmonic material such as gold and silver, which stimulates
surface plasmon resonance. Surface plasmon is a collective oscillation of electrons occurring on
the interface between metal and dielectric media [1–3]. Surface plasmon resonance divides into
localized surface plasmons and non-localized surface plasmons. Propagating surface plasmons are
guided electromagnetic modes on the boundary between metal and dielectric media, which are
known to be surface plasmon polaritons [4]. Localized surface plasmons occur in the
subwavelength metallic nanostructures. Because of the confinement and the strong enhancement
1

of the electromagnetic field near the nanostructures, surface plasmon resonance has many
significant potential applications in optical detection [5–7], biomedical sensing [7–9],
spectroscopy [10–12] and energy harvesting [13–15].
The advantage of plasmonic metamaterial is that optical properties can be engineered on purpose,
utilizing localized surface plasmons and non-localized surface plasmon waves. Motivated from the
capability to control optical properties, I designed plasmonic metamaterials such as aperture for
light transmission, enhanced light absorber, and antireflection coating. As background knowledge,
optical property of materials and surface plasmons will be in the following sections.

1.2 Optical Property of Materials
Optical wave is an oscillating electromagnetic wave. To explain the optical property of material
with frequency, a wave equation will be derived from Maxwell’s equations. The interaction
between electromagnetic waves and a medium is governed by the Maxwell equations [16],
D =  ,

(1.1)

 B = 0 ,

(1.2)

 E = − B ,
t

(1.3)

 H = D + J .
t

(1.4)

In a homogeneous medium with permittivity of ε and magnetic permmiability μ, the constitutive
relations can be written as

D =  E ,

(1.5)

B =  H .

(1.6)

Application of curl operator and vector identity on Equation (1.3) yields the following equation,
2

 ( E ) = ( E) −2E =   − B  .
 t 






(1.7)

By substituting Equation (1.7) with Equation (1.4) and (1.6), Equation (1.7) changes as


( E) − 2E = − μ   D + J  .

t  t


(1.8)

The expression of no current and no charge in space is explained as

 E = 0 and J = 0 .

(1.9)

Substituting Equations (1.5) and (1.9) into Equation (1.8), wave equation is obtained as
2E = μ  E
.
t 2
2

(1.10)

The solution of the wave equation can be written as

E = E0ei(t −kr ) ,

(1.11)

where k is the wave-vector and ω is the angular frequency of the electromagnetic waves. If
Equation (1.11) is substituted into Equation (1.10), the characteristic equation is obtained as
k 2 =  2 .

(1.12)

By taking total derivative with k and ω on Equation (1.12), speed of electromagnetic wave is
explained as
v = d = 1 .
dk


(1.13)

From Equation (1.13), we can see that speed of light is determined from permittivity and
permeability. Because the permeability of dielectric material and plasmonic material equals to the
permeability of vaccum, optical properties of them are distinguished only by permittivity. Thus,
the optical property of material is expressed as complex permittivity ε = ε’ + j ε’’, or complex
3

refractive index nc = n + jk. While refractive index conveniently describes speed and attenuation
of light, permittivity is more suitable to use in Maxwell’s equation. Assuming that material is nonmagnetic, the two expressions are related with each other by the following equations [16]
 = nc 2 .

(1.14)

From equation (1.1), real and imaginary parts of the refractive index and permittivity are related as
follows [16]
 ' = n2 − k 2 ,

(1.15)

 '' = 2nk ,

(1.16)

n=

 '2 +  ''2 +  ' ,

(1.17)

k=

 '2 +  ''2 −  ' .

(1.18)

2

2

For linear materials, permittivity is related to electric susceptibility χ as
 = 1+  .

(1.19)

P = 0 E .

(1.20)

Susceptibility is related with polarization

In equation (1.20),  0 is the permittivity of the vacuum. Thus, the permittivity can be determined
from the relation between electric field and polarization. Optical properties of dielectric and metal
can be described with Lorentz model and Drude model, respectively.

4

1.2.1 Lorentz model
Optical properties of dielectric materials can be described by the Lorentz model as in Figure 1.1,
which is a classical electron oscillator model [2].

Figure 1.1. Lorentz model of an electron. E is an external electric field, r(t) is
displacement of electron cloud, FE is the electric force on electron
cloud, Fγ is the damping force, and Fr is the restoration force.

Equation of motion of electron cloud can be written as Equation (1.21),

()

()

2
m d 2r = Fr r + F v + FE  E  = −Cr − m dr − eE .
dt
 
dt

(1.21)

In equation (1.21), m is mass of an electron, γ is damping constant or collision frequency, C is the
spring constant, and e is charge of an electron. Fr ( r ) , F ( v ) , and FE ( E ) refers to restoration force,
damping force, and electric force, respectively. Oscillating electric field can be expressed in the
harmonic form as

E = E0e− jt .

(1.22)

By substituting equation (1.22) into equation (1.21),
2
m d 2r + m dr + Cr = −eE0e− jt .
dt
dt

5

(1.23)

The electric dipole moment is defined as
p = −er

.

(1.24)

By substituting equation (1.24) into equation (1.23),

m

d2p
dp
+ m
+ Cp = e2 E0e− jt .
2
dt
dt

(1.25)

The electric dipole moment can be expressed as a harmonic form,
p = p0e− jt .

(1.26)

Electric dipole moment can be expressed with electric field,
2
1
p0 = e
E
m  2 −  2 − j 0 ,
0

(1.27)

where
0 = C

m

.

(1.28)

Atomic polarizability is calculated as
=

2
p0
1
= e
 0 E0  0m  2 −  2 − j
0

.

(1.29)

Electric susceptibility can be calculated from atomic polarizability as
2
 = N = Ne
 0m 

0

1

2 −2 −

j

,

(1.30)

where N is the number density of electrons. Finally, permittivity is expressed as
 = 1+  = 1+

 p2
,
02 −  2 − j

6

(1.29)

where
2
 p = Ne
 0m

(1.30)

is the bulk plasma frequency of metals.

1.2.2 The Drude model
Optical property of metal can be described by the Drude model, which is free electron model [2].
Because Drude model assumes no restoration force, the equation of motion of electron cloud can
be written as

()

2
m d 2r = F v + FE  E  = −m dr − eE .
dt
 
dt

(1.31)

As Equation (1.31) is the special case of Equation (1.21), optical properties can be calculated from
the results of Lorentz model by letting C = 0. From Equation (1.29), permittivity can be written as

 = 1+  = 1−

 p2
.
 2 + j

(1.32)

1.2.3 The Drude-Lorentz model
Although Lorentz model and Drude model describes the permittivity of metal well, these models
does not accurately describe in the wavelength region of interband transition. To describe
permittivity more accurately, Drude-Lorentz model or Extended Drude model was proposed [17].
Drude-Lorentz model expresses permittivity as combination of Drude model and Lorentz model
as

 r ( ) =   −

 p2
L2
−
 2 + i  2 −L2 + i L .

7

(1.33)

With the fitted parameters in reference [17], Figure 1.2 compares permittivity of gold measured by
Johnson and Cristy with the Drude model [18] and Drude-Lorentz model [17]. In Figure 1.2 (a), it
can be seen that both Drude and Drude-Lorentz model describes the real part of the permittivity of
gold well. In contrast, the imaginary part of the permittivity of gold is described well only by DrudeLorentz model, as shown in Figure 1.2 (b).

Figure 1.2. (a) Real and (b) imaginary part of the permittivity of gold with Drude
model and Drude-Lorentz model. Reprinted figure with permission
as follows: Vial et al., Physics Review B, 71, 085416 and 2005.
Copyright 2018 by the American Physical Society.

1.3 Surface plasmons
1.3.1 Non-localized surface plasmons
Surface plasmons are collective oscillation of an electron, and divided into non-localized surface
plasmon and localized surface plasmon [2]. As the terminology implies, non-localized surface
plasmon is not localized but a propagating surface wave, as shown in Figure 1.3.

8

Figure 1.3. Electromagnetic field profile of non-localized surface plasmon.

The magnetic field of non-localized surface plasmons can be assumed as

H = H0e−i(kx x+ kz z)

.

(1.34)

For z > 0, the expression of electromagnetic fields become
H = AH ye−i(kx x+kz 2z) ,

(1.35)

k
Ex = iAH y z 2 e−i(kx x + kz 2 z) ,

(1.36)

Ez = − AH y k x e−i(kx x + kz 2 z ) .

(1.37)

 d

 d

For z < 0, the expression of electromagnetic fields become
H = BH ye−i(kx x+kz1z) ,

(1.38)

k
Ex = iBH y z 2 e−i(kx x +kz1z) ,

(1.39)

Ez = − BH y k x e−i(kx x + k z1z ) .

(1.40)

 d

 d

9

The boundary conditions require that Ex, Hy and εEz to be continous at the interface of z=0.
Application of the boundary conditions yields

A= B

(1.41)

2
k
= − z2 .
1
kz1

(1.42)

and

From the wave equation, the relation between different components of the wave vectors
can be obtained as

k02 d = kz21 + kx2

(1.43)

and

k02 m = kz22 + kx2

.

(1.44)

With the boundary conditions of electromagnetic field, the dispersion relation of the
surface plasmon polaritons modes can be obtained as
kx2 =

dm
d + m

.

(1.45)

1.3.2 Localized surface plasmons
Localized surface plasmons are non-propagating modes of the free electrons of metallic
nanostructures, which give strongly enhanced electromagnetic field near the metal surfaces [2].
The simplest case for localized surface plasmon resonance is a metallic nano-sphere under
electromagnetic excitation. The interaction between a metallic nanosphere and an electromagnetic
wave will be briefly discussed.

10

When the size of a particle is much smaller than the excitation wavelength, the interaction of
electromagnetic wave and the particle can be investigated using quasi-static approximation.
Consider a sphere that is placed in an arbitrary medium with an electrostatic field E. Then the
electric fields inside and outside the sphere, E1 and E2 can be represent by the potential φ1 and φ2,
E1 = −1

(1.46)

E2 = −2

(1.47)

and
.

At the boundary of the sphere, the potential must satisfy the boundary condition described as
Equation (1.48-49),
1 = 2

(1.48)

and

0

1

= 1 2 .
r
r

(1.49)

The potential equations which satisfy the above boundary conditions can be written as
1 = −

3 0
E r cos
1 + 2 0 0

(1.50)

and

2 = − E0r cos + a3E0

1 −  0 cos
1 + 2 0 r 2 .

(1.51)

We can rewrite φ2 by introducing the dipole moment p as
2 = − E0r cos +

11

p r
4 01r 3

,

(1.52)

where
 −
p = 4 a3 01 1 0 E0 .
1 + 2 0

(1.53)

Now the polarizability can be expressed as
 = 4 a3

1 −  0
1 + 2 0 .

(1.54)

1.4 Scope of the dissertation
This dissertation describes several metamaterial structures for light control. Chapter 2 describes
metamaterial for extraordinary transmission using star-hole structure. Light transmission via
subwavelength holes will be discussed with the finite-difference in time-domain(FDTD)
simulation results. Transmission wavelength and transmittance spectra varies with the period of an
array and the size of the star-hole.
Chapter 3 describes polarization-selective antireflection coating of the one-dimensional grating.
This structure exhibits positive permittivity in one direction, which is dielectric property. In the
other polarization, it exhibits negative permittivity, which is metallic property. Material with this
kind of permittivities is called hyperbolic metamaterial. As a result, it functions as antireflection
coating for light in one polarization, and reflector in the other polarization. This work is published
in reference [19].
Chapter 4 describes enhanced light absorber consisting of a periodic array of metal-dielectric-metal
nanostructure. As the bottom metal layer blocks light transmission, this structure absorbs or reflects
light. At the resonance wavelength, surface plasmon wave is excited and reflectance becomes near
zero, meaning absorbance is close to one. This behavior is explained experimentally and
numerically, and this work is published in reference [20].
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Chapter 5 describes wideband light absorber with disordered metal elements in the top surface.
Although the structure is similar to the structure in Chapter 4, periodicity is broken so the interelement distances are not uniform. The non-uniform inter-element distances cause multiple
resonance wavelengths, widening the absorption band.
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SURFACE PLASMON ENAHANCED TRANSMISSION IN

NANO-STAR APERTURE

2.1 Introduction
Ebbesen discovered extraordinary transmission (EOT) in 1998, which is light transmission through
an array of subwavelength metallic apertures [21]. After that, extraordinary transmission has been
widely investigated for more than 10 years, stating that the significant portion of light was observed
to transmit below the cutoff frequency of waveguide mode [22–26]. Contributing factors to EOT
includes localized surface plasmon, plasmonic waveguide modes, and surface plasmon polaritions.
Characteristics of EOT such as transmission strength, range, and wavelength at peak depends on
hole shape, size, lattice constant, and polarization of incident light [26–35]. The unique
characteristics can be applied to design metamaterial and sensors [36–39].
Rectangular aperture with large length-width ratio and bowtie aperture has higher transmittance
and electric field strength, compared to other apertures at similar size [26,40]. The two apertures
have relatively narrow part in the nanohole structure. Investigation on gold particle with star-shape
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showed high scattering cross section [41]. Geometry of a particle is complimentary to geometry
of an aperture. As the complimentary form of the star-shaped particle, star-shaped nano-aperture is
proposed. To change the shape of the aperture, parametric vertex angle is introduced.
The properties of extraordinary transmission of star-shaped aperture are investigated with finitedifference time-domain(FDTD) method. At first, characteristics of single star hole with respect to
vertex angles showed unique properties. Increase in period changes the peak wavelength as well as
full-width half maximum and field intensity. Furthermore, characteristics of an array of star hole
also showed the characteristic of hole with periodic effect. Also increase in angle changes the peak
wavelength as well as full-width half maximum and field intensity. It was also found that the peak
wavelength is determined by periodic effect for star with larger angle.

2.2 Surface plasmon resonance in a single nanostar aperture
The transmission property of star-shaped aperture is numerically investigated by using commercial
software Lumerical FDTD solutions. Simulation region is 1 micrometer length in z direction with
square shape marked in Figure 2.1. For single aperture, the length of simulation region in x and y
is set to 1 micrometer. Glass substrate and air region are enclosed by perfect matching layer and
mesh size is 3 nm × 3 nm × 3 nm in the region of 800 nm × 800 nm × 40nm centered on the top
side of gold film. Johnson and Christy model is used as dielectric constant of gold [18]. Shape of
the aperture is determined by the parametric angle alpha, which ranges from 90 degree for closed
aperture to 180 degree for square aperture. Light polarized in x propagates in z direction from
silicon dioxide side to star-shaped aperture consisting of 100nm-thick gold film and an air hole.
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Figure 2.1. Schematic view of star aperture with vertex angle α.

The pattern of total and forward scattering cross section depends on the angle of alpha in Figure
2.2. Total scattering cross section has maximum values of 0.260 µm² at 1.50 µm, 0.284 µm² at
1.278 µm, 0.288 µm² at 1.17 µm, 0.280 µm² at 1.05 µm, and 0.308 µm² at 1.03 µm wavelength,
respectively. Forward scattering cross section has maximum values of 0.075 µm², 0.077 µm², 0.078
µm², 0.077 µm², and 0.093 µm² at same wavelengths, respectively. Geometrical cross section of
aperture is 0.015 µm², 0.027 µm², 0.038 µm², 0.066 µm², and 0.090 µm². Total scattering cross
section is much greater than the area of aperture, and forward scattering cross section is also greater
than the geometrical cross section of the aperture. In other words, the ratio of forward scattered
power to incident energy density is greater than the geometrical area and thus the transmitted power
is greater than the incident power of aperture area.
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Figure 2.2 (a) Forward scattering cross section and (b) total scattering cross
section of star aperture for vertex angles of 100, 110, 120, 150, and
180 degrees.

Electric field intensity at the center of aperture is plotted in Figure 2.3. The shape with smaller angle
has stronger enhancement of electric field, over 250 times to the amplitude of incident electric field.
The field enhancement tends to be weaker and resonant wavelength is smaller as the vertex angle
increases.

Figure 2.3 Strength of electric field at the center of aperture for different vertex
angles: 100, 110, 120, 150, and 180 degrees.
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Electric field distribution at resonant wavelength is presented in Figure 2.4. The field strength is
highest near the vertex point and the geometry plays a significant role in field enhancement. The
field strength decreases as the angle increases, as shown in Figure 2.3.

Figure 2.4 Distribution of electric field 10 nm above gold film for vertex angles
of (a) 100, (b) 110, (c) 120, and (d) 150 degree, for an single aperture.
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2.3 Surface plasmon resonance in periodic nanostar aperture array
Simulation region is same but boundary condition in x and y direction is changed to periodic
condition. Although pattern of transmittance somewhat resembles to that of the single star aperture,
by the influence of adjacent apertures, peak wavelength is blue-shifted. This is due to the coupling
between SPP Bloch wave and SPP mode directly passing through the aperture, so called Fano
effect. The condition for excitation of SPP Bloch waves in 2-dimensional array is met by equating
the wave vector of surface plasmon waves and Bloch condition, resulting in the expression
below [42]:

SPP =

a
i +j
2

2

 d m
.
d + m

(2.1)

In Equation 2.1, λSPP is the wavelength of surface plasmon wave, i and j represent mode, a is period,
ɛd is permittivity of dielectric, and ɛm is permittivity of metal. Equation 2.1 shows the resonant
wavelength in an array of aperture. Because this equation assumes that the size of aperture is
negligible, our resonant wavelength is shorter than calculated wavelength given by Equation 2.1.
Because the lowest mode of the surface plasmon wave is strongest, i and j are assumed as 1 and 0.
Figure 2.5 shows transmittance distribution for periods of 400 nm, 500 nm, 600 nm, and 700 nm.
Distinct transmission maxima and minima occur resulted from the interference between localized
surface plasmon mode and SPP block mode. As the period increases, transmittance pattern by hole
shape becomes narrower and peak wavelength increases. For every period, the peak at vertex angle
100 degree starts to appear around 1500 nm wavelength and tends to decrease as the angle increases.
Decrease in peak wavelength depends on the period. In 400 nm period, the shape of transmittance
curve is similar to the transmittance curve from a single hole. As the period increases, the
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transmittance pattern shifts to longer wavelength, with several maxima and minima under the
pattern.

Figure 2.5 Transmittance of periodic star aperture for periods: (a) 400 nm, (b)
500 nm, (c) 600 nm, and (d) 700 nm.

Figure 2.6 shows the 2-dimensional plot of transmittance for each period. Similar to Figure 2.5,
transmission peak decreases as the vertex angle increases. From the equation, transmission
wavelength by Fano effect is depend on period. The peak wavelength looks proportional to period
if vertex angle is higher than 120 degrees. If vertex angle is lower than 120 degrees, the peak

20

wavelength becomes similar for every periods, meaning that Fano effect is not significant in this
geometry.

Figure 2.6 Transmittance distribution of periodic star aperture for periods: (a)
400 nm, (b) 500 nm, (c) 600 nm, and (d) 700 nm.

Figure 2.7 shows electric field distribution with respect to shape angle at maximum transmission
for a period of 600 nm. As the angle increases, the amplitude of electric field increases and the field
pattern is similar. Compared to the single aperture case, the strength of electric field is higher for
periodic case. The resonant wavelength is 1.475 micron, 1.24 micron, 1.14 micron, and 1.015
micron, respectively for 100 degree, 110 degree, 120 degree, and 150 degree structure. The
maximum strength of electric field is 14.5231, 12.4545, 10.9545, and 7.8653. More field
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enhancement happens for shorter angle as in the case of single aperture. Most portion of power
transfer is concentrated in the two vertices.

Figure 2.7 Distribution of electric field 10 nm above gold film for vertex angles
of (a) 100, (b) 110, (c) 120, and (d) 150 degree, for an array of star
aperture with 600 nm period.
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Figure 2.8 shows the strength of electric field at the center of star geometry for angles of (a)100,
(b)110, (c)120, and (d)150 degree. Electric field is strongest in 100 degree geometry because
smaller angle results in more field enhancement, and the field intensity is strongly influenced by
period. As the period increases, the field strength also increases. The maximum electric field
strength is 912 (V/m)², which is 3 times stronger than in single aperture case.

Figure 2.8 Strength of electric field inside aperture for an array of star aperture
for different vertex angles: (a) 100, (b) 110, (c) 120, and (d) 150
degree.
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Figure 2.9 shows the strength of electric field at the center of star geometry for periods of (a) 400
nm, (b) 500 nm, (c) 600 nm, and (d) 700 nm. Electric field is strongest at the period of 700 nm, as
can be also seen in Figure 2.8. Electric field is enhanced as the vertex angle decreases.

Figure 2.9 Strength of electric field inside aperture for an array of star aperture
for periods: (a) 400 nm, (b) 500 nm, (c) 600 nm, and (d) 700 nm.
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2.4 Conclusion
Transmission property of star-shaped hole is investigated to reveal how transmittance pattern
changes with the geometry of star-shaped aperture. Transmittance of an array of aperture is a
mixing of characteristic of single aperture and periodic effect. The star geometry exhibits shorter
peak wavelength as the vertex angle and the area of hole increases. This result can be applied to
design optical filters, by changing the shape of aperture.
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METAMATERIAL QUARTER-WAVELENGTH

ANTIREFLECTION COATING

3.1 Introduction
Metamaterials are artificially engineered materials consisting of subwavelength optical elements.
Because the sizes of elements are much smaller than the wavelength of the incident light, electric
field inside the element is nearly homogeneous. Thus, a metamaterial can be regarded as a spatiallyaveraged homogeneous material with homogeneous electromagnetic properties, such as an
effective permittivity [43]. Effective electromagnetic properties are determined by geometry of the
unit cell of metamaterial. By designing the unit cell, metamaterial can be engineered on purpose
and have electromagnetic properties which do not exist in nature. For example, negative refractive
index [44], high refractive index [45], and optical magnetism [46] have been reported.
One kind of metamaterial exhibits highly anisotropic electromagnetic properties. This metamaterial
is called hyperbolic metamaterial, which is widely investigated recently [47]. A hyperbolic

26

metamaterial has dielectric properties in one direction and metallic properties in orthogonal
direction. In this chapter, one dimensional grating is investigated as hyperbolic metamaterial.

3.2 Optical properties of metal grating metatmaterial
3.2.1

Structure

The proposed metamaterial consists of a one-dimensional gold grating on a germanium substrate.
A schematic of the structure is shown in Figure 3.1. The metal grating has a period of 𝛬, a metal
grating line-width of w, and a height of h. Period and width are in subwavelength scale. The fill
factor of the metal lines is defined as f = w/𝛬. Therefore, the metal linewidth is 𝑎 = 𝛬f and the
air-gap width is 𝑏 = 𝛬(1 − 𝑓).

Figure 3.1 Schematic of one-dimensional metal subwavelength grating
metamaterial structure on a germanium substrate. Incident light is
polarized in the x direction and propagates in the –z direction. The
period of the grating is Λ, the metal line-width is w, and the height is
h.
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3.2.2 Effective permittivity in the deep subwavelength regime
If permittivity repeats in the periodic structure like Figure 3.2, material property representing the
whole region can be defined. This property is called the effective permittivity of the effective
medium, marked with εeff [43].

Figure 3.2 Upper structure shows periodic pattern of the two permittivites. The
upper structure can be regarded as the lower structure, which is
effective medium with effective permittivity εeff.

If the period of the grating is much smaller than the wavelength of light, the effective permittivities
in the x, y, and z directions can be approximated from the following equations [43],

1

 xx

=

f

m

+

1− f

 air

,

 yy =  zz = f m + (1 − f ) air .
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(3.1)

(3.2)

Figure 3.3 Effective permittivities of a deep subwavelength metal grating in the
x direction shown in (a) and in the y and z directions shown in (b).
The fill factor of the grating is 0.53.
The effective permittivities for a fill factor of 0.53 are plotted in Figure 3.2. In Figure 3.3(a), 𝜀𝑥𝑥 is
in the range from 2.143-0.0020j to 2.128-0.0003j in the wavelength range from 2 to 10 microns.
On the other hand, real parts of 𝜀𝑦𝑦 and 𝜀𝑧𝑧 have negative values as seen in Figure 3.3(b). Thus, the
grating structure exhibits dielectric properties for the x polarization and metallic properties for the
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y and z polarizations in Figure 3.4. Material having opposite sign of permittivity with direction is
called a hyperbolic metamaterial.

Figure 3.4 Illustration of hyperbolic metamaterial.

3.2.3 Effective permittivity in non-deep subwavelength scale
In the previous section, period is assumed to be infinitesimally small to use approximated equation.
If period is not in deep subwavelength regime, the approximation is not valid so Bloch wave
equation needs to be solved. Assume that the TM wave propagates at 90° incident angle normal to
the metal-dielectric layers. The dispersion relation between Bloch wave number K, period Λ, and
wave numbers 𝑘1x and 𝑘2x is given in the following equation [18]
cos(KΛ) = cos(k1x a )cos(k 2 x b ) −

1   2 k1x  1 k 2 x

+
2   1 k 2 x  2 k1 x


sin (k1x a )sin (k 2 x b ) .


(3.3)

In equation (3.4), thicknesses of layer a and b can be written as 𝑎 = 𝛬f, 𝑏 = 𝛬(1 − 𝑓). ԑ1 and ԑ2
are the permittivities of gold and air, respectively. Because the wave is propagating at the right
incident angle, the Bloch wave vector K is zero. 𝑘1x and 𝑘2x can be represented in terms of 𝛽 in
the following equations:
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k1x =  1   −  2 ,
c
2

 
k2 x =  2   −  2 .
c
2

(3.4)

Figure 3.5 (a) Real and (b) imaginary part of effective permittivity of the
metamaterials for periods of 20, 50, 100, 200, and 400 nm for a fill
factor 0.53, along with the deep subwavelength effective permittivity.

To calculate the exact value of the effective permittivity, equations (3.3) and (3.4) are numerically
solved simultaneously for 𝛽 using Newton’s method. After that, effective permittivity (𝛽 ⁄𝑘0 )2
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was plotted in Figure 3.5 with the wavelength and grating periods, in which 𝑘0 is the wave number
in free space. To compare the exact effective permittivity with the approximated effective
permittivity, effective permittivity in the x direction is plotted together in Figure 3.5 (a). As period
decreases, the real part of the effective permittivity approaches the approximated effective
permittivity in Figure 3.5 (a). As shown in Figure 3.5 (b), the imaginary part of the effective
permittivity also approaches the approximated effective permittivity as given by equation (1),
except for the period of 400 nm. The imaginary part of the effective permittivity decreases as period
increases over 200 nm.

3.3 Transmittance and reflectance
3.3.1 Transmittance and reflectance
Transmittance and reflectance of the metamaterial structure were calculated by using the finitedifference time domain (FDTD) method. A commercial FDTD software is used, Lumerical
Solutions, Inc. First, transmittance and reflectance were numerically simulated for different fill
factors with a fixed grating period and a fixed grating height, 400 nm and 1100 nm, respectively.
Incident light which polarized in the x direction propagates in the -z direction. The real and
imaginary part of the refractive indices of gold and germanium were taken from reference [48].
Figure 3.6 (a) shows the transmittance as a function of wavelength in the horizontal axis and fill
factor in the vertical axis. Regions where transmittance is higher than 90% are encircled by a white
dashed line. The maximum transmittance is 93.2% for fill factor of 0.53 at 4.66 µm wavelength.
Figure 3.6 (b) shows a two-dimensional plot of calculated reflectance versus wavelength in the
horizontal axis and fill factor in the vertical axis.
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To show the nature of polarization dependence, the metal grating structure with a fill factor of 0.53,
a period of 400 nm, and a grating height of 1100 nm is simulated for both x and y polarizations.
Transmittance and reflectance for x and y polarizations are plotted as shown in Figure 3.9. For the
x-polarization, the one-dimensional grating has a maximal transmission and a minimum reflection
at 4.71 µm, which is desirable for antireflection. For the y-polarization, the one-dimensional
structure has zero transmittance and almost constant reflectance of 98%, which is because of the
metallic property in the y-direction effectively.
Reflectance values lower than 3% are also encircled by a white dashed line. The minimum
reflectance is 0.005%, which is close to zero for a fill factor of 0.57 at 4.53 µm wavelength. If the
fill factor is 0, no metal grating exists and transmission and reflection occur at the boundary between
germanium and air. As the fill factor increases, the real part of the permittivity in the x direction
remains positive and increases from zero, and the imaginary part of the permittivity is small.
Increasing the fill factor enhances optical wave interference in the structure causing destructive
interference in the reflection region which can completely eliminate reflection. For fill factors in
the range from 0.45 to 0.72, reflectance is lower than 3.0%. Correspondingly, when the fill factor
falls between 0.42 and 0.64, transmittance is higher than 90%. As the fill factor approaches 1, the
metamaterial turns into a uniform gold film which has zero transmission and high reflection. Thus,
the optimal fill factor range for high transmission (>90%) and low reflection (<3%) is between 0.45
and 0.64.
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Figure 3.6 (a) Transmittance and (b) reflectance versus fill factor and
wavelength. Period is 400 nm and grating height is 1.1 µm.

Next, I calculated the transmittance and reflectance for different grating periods using a fixed fill
factor of 0.53 and a fixed grating height of 1100 nm. Calculation results are shown in Figure 3.7.
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The maximum transmittance is 93.4% for a grating period of 460 nm at 4.57 µm wavelength and
the minimum reflectance is 0.3% for a grating period of 390 nm at 4.66 µm wavelength. The
regions where transmittance is higher than 90% and reflectance is lower than 3% are marked with
white dashed lines in Figure 3.7 (a) and 3.7 (b), respectively. It can be seen that anti-reflection can
occur in a large range of grating periods, from 180 nm and 680 nm. The period in range is
comparable to the wavelength of incident light. This implies that anti-reflection of hyperbolic
metamaterial does not require a deep subwavelength grating period. Although the maximum
transmittance occurs at 460 nm, larger period up to 680 nm can be also considered for easier
fabrication. This scale of period is very desirable for fabricating antireflective metamaterials.
Finally, I calculated transmittance and reflectance with grating height by setting a fill factor as 0.53
and a grating period as 400 nm. These results are shown in Figure 3.8. It can be seen that the
wavelength of peak transmission increases linearly with the grating height. The linear dependence
of the peak transmission wavelength on the height of the grating suggests the occurrence of FabryPerot optical cavity interference. Bands in lower and higher wavelengths correspond to the first and
second Fabry-Perot resonance mode. Because the first mode has higher transmission and wider
bandwidth, the first mode is more suitable for use as antireflection coating. Because the peak
transmission wavelength is approximately four times to the grating height, the thickness of gold
grating layer for antireflection is about a quarter of the free space wavelength. The maximum
transmittance was found to be 93.2% at 1110 nm grating height and at 4.71 µm wavelength. The
minimum reflectance is 0.06%, which is almost zero at a grating height of 2.13 µm and at 9.37 µm
wavelength. The second order optical transmission can also be seen in Figure 3.8, occurring for
thicker grating layer.
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Figure 3.7 (a) Transmittance and (b) reflectance versus wavelength for different
grating periods but a fixed fill factor of 0.53 and a grating height of
1.1 µm.

To show the nature of polarization selectivity, a one-dimensional metal grating structure with a fill
factor of 0.53, a period of 400 nm, and a grating height of 1100 nm, is simulated for both x and y
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polarizations. Transmittance and reflectance for x and y polarizations are plotted and shown in
Figure 3.9. For the x polarization, the one-dimensional grating structure has a maximum
transmission and a minimum reflection at 4.71 µm, which is desirable for antireflection. For the y
polarization, the one-dimensional structure has zero transmittance and a constant reflectance of
98%. This is because the metamaterial structure effectively exhibits metallic property in the ydirection.
The transmittance and reflectance by FDTD calculations were then compared with those calculated
from wave interference theory. In the calculation of wave interference theory, the effective
permittivity 𝜀𝑥𝑥 shown in Figure 3.3 for normal incidence. The height of the gold grating was set to
be 1100 nm and the fill factor was set to be 0.53. The grating period was set to be 50 nm, 100 nm,
200 nm, and 400 nm, respectively. It is seen that the grating period does not influence calculations
with the optical wave interference theory, because the permittivities are averaged so do not change
with the grating period. However, for FDTD simulations, the results change with the period.
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Figure 3.8 (a) Transmittance and (b) reflectance versus height of the grating and
wavelength. The period and fill factor are 400 nm and 0.53,
respectively.
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Figure 3.9 Calculated transmittance and reflectance versus wavelength for both
x and y polarizations. The fill factor of the one-dimensional metal
grating structure is 0.53. The period is 400 nm and the height is 1100
nm.

Figures 3.10(a) and 3.10(b) show the transmittance and reflectance as a function of wavelength.
The solid lines are calculated with the optical wave interference theory based on the effective
medium theory, and the dashed lines are calculated with the FDTD method. As the grating period
decreases, transmittance and reflectance curves form FDTD simulations are red-shifted. In addition,
the transmittance and reflectance curves approach those by the optical interference theory with
effective medium optical constants. This is understandable because the concept of the effective
permittivity assumes that the period is much smaller compared with the wavelength. Thus, the
period needs to be very small or tiny to closely match the result of optical interference theory.
However, it is interesting to find that the optimal anti-reflection structure does not require a deep
subwavelength grating period. Finite subwavelength period gratings exhibit better anti-reflection
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properties in 3 – 6 µm range than deep subwavelength period gratings do. This property is very
significant for fabrication of hyperbolic metamaterial devices for antireflection, because fabrication
of tiny feature is usually challenging.
To further understand the enhanced transmission through the finite period metal grating structure,
the distribution of the electric field in x and z components and the distribution of magnetic field in
y component is calculated, at the peak transmission wavelength of 4.66 µm for the gold grating
structure of 400 nm period, 0.53 fill factor, and 1100 nm height. Figures 3.11(a) and 3.11(b) shows
the amplitude profiles of electric field in x and z components normalized to the amplitude of the
electric field of the incident light. Figure 3.11(c) shows the field profile of the magnetic field in y
component normalized to the amplitude of the magnetic field of incident light. It is seen that the
incident light is coupled to the propagating surface plasmon polariton wave at the top of the gold
grating. The electrical currents on both sides of the grating walls are in opposite directions and
oscillate. Here, the electric dipoles are induced on the dielectric substrate due to the electric dipoles
in the metal grating. This causes the oscillation of the electric current on the sides of the metal
grating walls. Therefore, in this structure, a magnetic resonance occurs at a lower frequency than
metal slits without a dielectric substrate.
The magnetic resonance couples the surface plasmon polariton to the transmission side of the
grating structure. The magnetic resonance mode is generated by the coupling between the surface
plasmon polariton and the dipoles on the dielectric surface. In Figure 3.11(c), the red arrows
indicate the electric currents on the side walls of the metal slits and the germanium substrate surface
are indicated by the red arrows. The resonance frequency depends on the geometry of the metal
grating such as height, period, and fill factor, and the dielectric constant of the dielectric substrate.
As seen in Figure 3.8, the resonance wavelength is about four times that of the height of the metal

40

grating. In the calculation of the light transmission through the same grating structure without a
germanium substrate, the magnetic field enhancement is in the middle of the metal grating. In
addition, the maximum transmission occurred at a much shorter wavelength of 2.6 micron.

Figure 3.10 (a) Transmittance and (b) reflectance versus wavelength for grating
periods of 50 nm, 100 nm, 200 nm, and 400 nm, as compared to
results calculated by using the effective medium of the structure with
a fill factor of 0.53 and a grating height of 1.1m.
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Angular dependence of the transmittance and reflectance of the anti-reflective structure is also
investigated. Transmittance and reflectance with an angle of incidence are shown in Figures 3.12
and 3.13. It was found that performance of transmission is good until the incident angle increases
to 16°, where transmittance reaches to 90%. Performance of antireflection is good until the incident
angle increases to 12°, where reflectance reaches to 3%. Because the surface plasmon wave
interferes inside the metamaterial, the performance of antireflection is sensitive to the increase of
the incidence angle.

Figure 3.11 Normalized electric field distributions of the (a) Ex and (b) Ez
components at the anti-reflection wavelength. (c) Normalized
magnetic field Hy component distribution at the peak transmission
wavelength.

42

Figure 3.12 (a) Transmittance and (b) reflectance versus wavelength for different
angles of incidence in the y-z plane. The period is 400nm, the fill
factor is 0.53, and the height of grating is 1.1µm.
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Figure 3.13 (a) Transmittance and (b) reflectance versus wavelength for different
angles of incidence in the x-z plane. The period is 400 nm, the fill
factor is 0.53, and the height of gold grating is 1.1 µm.
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3.4 Conclusion
In summary, a metamaterial structure consisting of one-dimensional metal grating was investigated
for antireflection coating. The metamaterial structure functions as an effective dielectric in the
direction perpendicular to the metal grating lines. It is found that the surface plasmon resonance in
the metamaterial structure eliminated reflection and enhanced transmission of light. It is also found
that the grating period does not need to be much smaller than the wavelength for achieving
antireflection. The thickness for the antireflection is approximately a quarter of the free space
wavelength. Unlike a quarter-wavelength dielectric antireflection coating, the antireflection
characteristics sensitively change with the angle of incidence. This sensitive characteristics to the
angle of incidence can be advantageous if light coming from an oblique angle needs to be rejected,
possibly in imaging system.
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LOCALIZED AND NON-LOCALIZED PLASMON

RESONANCE MODES OF METAL-INSULATOR-METAL

NANOSTRUCTURES

4.1 Introduction
R. Wood reported unusual light absorption in metal gratings in 1902 [49]. Later, it was explained
that the strong light absorption in metal gratings is caused by the excitation of surface plasmonpolaritons [50]. Recently, strong light absorption in metal nanostructures has been widely
investigated to find potential applications such as optical energy harvesting, enhanced photodetection, and enhanced light absorption. Many kinds of metal structures have been investigated to
widen absorption bandwidth or shift absorption bands [51–54]. Among these structures,
subwavelength-scale patterned metal-insulator-metal (MIM) structures have been actively
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investigated for light absorption. The absorption band ranges from the visible to infra-red [54–62],
terahertz [63–67], and microwave [68] frequency ranges.
Patterned MIM structures has the dielectric layer between the patterned thin metal film and unpatterned the thick metal film. Because of the two metal films, the MIM structures can efficiently
trap energy in the dielectric layer. In long wavelength regimes such as mid-wave and long-wave
infra-red and terahertz frequencies, absorption is induced by a localized surface plasmon mode,
which is caused by antiparallel electric currents in the top and the bottom metal layers [55–57,61].
At visible and near-infrared wavelengths, non-localized surface plasmon polaritons (SPPs) can be
excited in MIM structures.
In periodic MIM structures, near-complete absorption of light can also be achieved by grating
coupling to the SPPs. In this case, the absorption wavelength is quite far from the resonance
wavelength of localized plasmon resonances. The most portion of the energy of the resonance
modes is concentrated between the patterned metal nano-squares. It is reported that grating-coupled
modes can exist with localized plasmon modes, in which interactions leading to avoided crossings
may occur if mode symmetries are suitable [69]. The interaction between the localized plasmon
modes and the non-localized plasmons was also reported [70].
In this chapter, optical resonance modes in MIM structure are investigated. The MIM structure
consists of two-dimensional square arrays of patterned gold squares on top of a dielectric layer. The
dielectric layer is 90 nm-thick aluminum nitride (AlN) layer on a gold film, which is 300 nm-thick.
Although one-dimensional MIM structure is proper for light absorption [71] and plasmonic
waveguides [72] and is easy to fabricate, only TM-polarized light can excite surface plasmon
resonance in one-dimensional structure. The direction of TM polarization is perpendicular to the
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direction of grating lines. Unlike in one-dimensional MIM structure, both TE and TM polarized
light can excite surface plasmon resonance in two-dimensional MIM structure.
As a dielectric material, aluminum nitride was selected for its nonlinear optical characteristics. The
geometry of MIM structure was designed to produce resonances within the tuning range of the
mode-locked Ti-sapphire laser. Enhanced second harmonic generation in the arrays is observed
under illumination of a Ti-sapphire laser. As the knowledge of the resonance modes is beneficial
to understand the nonlinear properties, I focused on the optical modal-structure of the MIM
metamaterial through measurements of reflectance. Reflectance spectra are measured from arrays
in which the period and the size of metal square were varied.
While one-dimensional MIM structures have absorption bands caused by localized surface
plasmon resonance only [71], the two-dimensional MIM structures also have multiple absorption
bands in the visible and near-infrared spectral range. I found that the experimental results for an
extensive range of square sizes and periods of arrays match well with full-wave simulations, which
provide insights into the electromagnetic fields, origin of the absorption bands, and dependence on
dimensions of the MIM structure. I also found that the absorption bands are correlated with grating
coupling into transverse-electric (TE) and transverse-magnetic (TM) in-plane propagating modes
(i.e., surface plasmon-polaritions). The coupling of two types of modes widens the absorption range
of the structure. From the measured and calculated dispersions and the computed electromagnetic
field patterns, I found that TM in-plane propagating modes can borrow energy from a localized
magnetic resonance mode associated with gold squares, strengthening localized electromagnetic
fields. The findings in this work show physical insight for designing MIM-structured metamaterial
for many kinds of applications, in the visible and near-infrared spectral range.
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4.2 Device Fabrication
At first, 5 nm titanium is deposited by thermal evaporation on a silicon wafer as an
adhesion layer. After that, 300 nm of Au were deposited by thermal evaporation. Then, 90
nm aluminum nitride was deposited via atomic-layer deposition method on top of the gold
film.
At the next step, gold square arrays were patterned by electron beam lithography.
In the e-beam lithography process, the e-beam resist (495 PMMA A4) was spin-coated on
top of the AlN layer. During the spin-coating process, rotation speed is 2500 RPM, baking
temperature is 180 degree Celsius, and baking time is two minutes. After that, e-beam resist
is exposed to patterned electron beam. The beam pattern is periodic square generated by
DesignCAD program. After the exposure, e-beam resist is developed in IPA:MIBK 3:1
solution for 90 seconds.
After the development, residue of e-beam resist should be removed from the surface
of the device. To remove the residue, an oxygen plasma de-scum process was carried out
for 30 seconds. Then, 2 nm titanium layer was deposited by thermal evaporation as an
adhesion layer. After that, 60 nm of gold film was deposited by thermal evaporation. Then
e-beam resist is dissolved in acetone to finish lift-off process, leaving patterned gold
squares in the top layer. The patterned area is 250 micron by 250 micron for all devices,
which is large enough for measurement.

4.3 Measurement method
Optical reflectance spectra were measured with a microscope coupled spectrometer from Craic
Technologies, Inc. This spectrometer is capable of illumination and collection of light at near
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normal incidence. Reflected optical power was measured through a 0.2 NA (10x) objective lens
with the aperture set to further restrict the incident and collection angle to ~10 degree from the
surface normal. Reflectance was normalized to background spectra, outside the patterned device
area.

4.4 Experimental results
Figure 4.1(a) shows the metal-insulator-metal(MIM) structure. The MIM structure consists of an
array of patterned gold squares of 60 nm thick on a 90 nm thick AlN dielectric spacing layer
deposited on a 300 nm thick gold film on a silicon wafer substrate. I fabricated two sets of devices
using electron beam lithography. Set (i) has a nominally constant gold-square side-length of 172
nm and different periods from 360 nm to 540 nm stepped in 20 nm increments. The side-length
has uncertainty of ±11 nm due to the fabrication defect. Throughout, I will refer to the gold square
size by its side length. Set (ii) has a constant array period of 460 nm but gold square size ranges
from 160 nm to 373 nm. Figure 4.1(b) shows a scanning electron microscope image of 460 nm
period arrays with a gold square size of 220 nm.
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Figure 4.1 (a) Schematics of the metal-insulator-metal structure. Incident light is
polarized in x direction and propagates in the -z direction. (b)
Scanning electron micrograph of a fabricated device surface
consisting of a gold square array of period of 460 nm and square size
of 220 nm.

At first, reflectance of set (i) were measured, which are devices with a constant gold square size of
172 nm and different periods of arrays. Figure 4.2(a) shows the measured reflectance data as a twodimensional contour plot and shows the dispersion of the absorption bands with the periods of
arrays. Figure 4.2(b) shows a subset of the experimental reflectance spectra used to plot the twodimensional contour plot of Figure 4.2(a). In Figures 4.2(a) and 4.2(b), two absorption bands are
clearly noticeable as strong resonant dips in reflectance. The bluer mode which is in shorter
wavelength, disperses from 656 to 767 nm wavelength and the minimum reflectance reduces from
34 to 13% as the period of an array increases form 360 nm to 520 nm. The redder mode which is
in longer wavelength, shifts from 760 to 981 nm wavelength and its reflectivity increases from 22
to 49% over this same range of period. The dispersion is close to linear with array period for the
two modes. This suggests that the absorptions are caused by grating coupling to propagating
surface plasmon modes that trap the incident energy, as will be discussed in Section 4.4.
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To display the influence of gold-square size, measured reflectances with varying square sizes are
plotted in Figure 4.3(a). The range of square sizes range from 160 nm to 373 nm, and period is
constant as 460 nm. The absorption bands are also observed. The bluer band, or shorter-wavelength
absorption band blue-shifts from 726 to 650 nm wavelength as the size of the metal square is
increases. The redder mode, or the longer wavelength absorption band first becomes broken as the
metal square size increases. Then the redder mode shifts to longer wavelength as the size of the
metal square continues to increase. The minimum values of reflectance of this set are 5.3% and
6.3% for the shorter and longer wavelength absorption bands, respectively.

Figure 4.2 (a) Plot of reflectance spectra measured from MIM devices fabricated
with a nominally equal gold square size of 172 nm, but different array
periods. (b) Selected reflectivity spectra from several fabricated
devices with periods of 360 nm, 400 nm, 440 nm, 480 nm, and 520
nm.
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Figure 4.3 (a) Plot of measured reflectivity spectra from fabricated devices with
a constant period of 460 nm but different gold square sizes. (b)
Measured reflectivity spectral curves from four devices with square
sizes of 213 nm, 242 nm, 286 nm, and 354 nm respectively.

4.5 Numerical simulation and discussions
To understand the experimental results, I performed numerical simulations using finite-difference
time-domain (FDTD) method. Lumerical FDTD Solutions, the commercial software developed
by Lumerical Solutions, Inc. is used for the FDTD simulations. In FDTD simulations, periodic
boundary conditions are set in x and y directions, and the condition of the perfectly matching layer
is set in z direction. Incident wave is set as a plane wave, polarized in x direction and propagating
in –z direction. Shape of a mesh is chosen as rectangle and the mesh size is set as 2.5 nm. The
refractive index of gold was obtained from the reference [48]. The reflective index of the aluminum
nitride used in simulations was measured with a reflectance-based metrology tool made by n&k
Technology, Inc.
To examine the modal dispersion with array period, the reflectance of arrays is calculated as a
function of period from 300 to 550 nm for four gold square sizes. The thickness of the gold squares
is set as 60 nm. Figure 4.4 shows the reflectance spectra as a two-dimensional plot for devices,
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which have fixed square sizes of (a) 140, (b) 180, (c) 220, and (d) 260 nm. In Figures 4(a) – 4(c),
three absorption bands are clearly seen clearly at larger periods. The wavelength-independent
absorption band around 500 nm wavelength marks the onset of the inter-band absorption in gold.
For further discussion, the maxima of the absorption bands are drawn with the white dashed line,
the white solid line, and the black solid line, which connect the minimum values of reflectance in
the two-dimensional plots. As the period increases, it is seen that all three absorption bands shift to
longer wavelength, and strengths of absorption bands change as the period of an array changes.
The period-dependent simulation is shown in Figure 4.4(b) for the square size of 180 nm. This
simulation can be compared to the dispersion of Figure 4.2(a), which is experimentally measured
for 172 nm squares. To facilitate comparison, I represented the range of periods which is
experimentally measured range, with the horizontal black dotted lines. The simulations are quite
similar with respect to the rate of dispersion with period and trends of the intensity, thereby getting
confidence in the simulation results. The additional absorption band shown in the simulation is
marked with white dashed line.
As Figure 4.4 illustrates, the size of the gold squares of the array has a strong influence on the modal
dispersions with period. To interrogate these effects closely, I fixed the period of an array and
calculated the reflectance spectra as a function of the size of the gold square. The simulated
reflectance spectra are plotted in Figure 4.5 for four different periods of (a) 280 nm, (b) 340 nm, (c)
400 nm, and (d) 460 nm.
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Figure 4.4 Numerically calculated reflectivity spectra from devices with varying
array period and fixed gold square sizes of (a) 140 nm, (b) 180 nm,
(c) 220 nm, and (d) 260 nm.

Figure 4.5(a) shows the reflectance for the small array period of 280 nm. In Figure 4.5(a), the
absorption band at longer wavelength drawn with the solid black line is not sensitive to the size of
a gold square as long as the size is within the range from 80 nm to 200 nm. For devices with large
period of an array, the characteristics of absorption band depend on square size sensitively. Thus,
an important discovery is that the dispersion of the absorption band with the size of a metal square
is very weak when the period is small, but significantly increases as the period of an array becomes
large. For example, the separation in wavelength between the strong reddest absorption band
shown with a black line and the bluer band shown with a white line, increases as the period of an
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array increases. The separation in wavelength accelerates for larger sizes of a square in Figures
4.5(c) and 4.5(d), as the redder absorption band shifts to longer wavelength while the bluer
absorption band shifts to shorter wavelength with a size of the square.

Figure 4.5 Plots of reflectivity spectra as a function of square size for fixed period
of (a) 280 nm, (b) 340 nm, (c) 400 nm, and (d) 460 nm. Black dashed
curves plot the dispersion of a propagating TM-mode modeled
analytically in Section 4. All other superposed curves are guides to
the eye.

When the period of an array is the largest in Figure 4.5(d), the bluer absorption band at shorter
wavelength splits into two branches at both small and large square sizes. The reddest absorption
band at longer wavelength significantly weakens for intermediate sized squares from about 200 nm
to 250 nm. This reflectance plot at the largest period of 460 nm corresponds to the experimental
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reflectance plot in Figure 4.3(a), which were measured over a limited range of the sizes of a square
marked with horizontal dashed lines in Figure 4.5(d). It can be seen that the absorption bands
marked with the white solid line and the black solid line in Figure 4.5(d) match well with the
absorption bands seen in measurement results.
In Figure 4.4, absorption bands disperse approximately linearly with the period of an array. This
suggests that the absorption bands are generated by grating coupling of incident electromagnetic
wave into in-plane propagating modes, which can trap the optical power and dissipate into the
metal components [4,69,73]. The dispersion is close to linear in Figure 4.4(a), where the small 140nm square size results in the smallest perturbation to the in-plane propagating modes. For
illumination at a normal angle of incidence, the condition for coupling into in-plane modes is given
by the following equation:
p = l 2 + m 2 0 nm ,

(4.1)

where  is the free-space wavelength, p is the array period, l and m are diffraction indices, and nm
is the modal index of the in-plane wave of the m-th diffraction order, which is assumed to be
uniform over the area of entire grating. Modal index is the ratio of parallel component of wave
vector on the square lattice to the propagation constant in the free space. To distinguish candidate
modes, transfer matrix computation [74] is carried out to uniform AlN/Au layers, and to uniform
Au/AlN/Au layers depicting the Au squares.
To further assist with the identification of the absorption mode, electric and magnetic field intensity
distributions are also calculated at mid-plane in the aluminum nitride dielectric layer at the peak
absorption wavelengths of different resonance modes. These electromagnetic field distributions are
plotted in Figures 4.6 – 4.9 for arrays with a 460 nm period, but with square sizes of 100 nm, 180
nm, 260 nm, and 340 nm, respectively. In the first and second column, the area of the plot is a
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single unit cell of the array, where the patterned Au-square is drawn as a white square. The third
column shows magnetic field profile in the x-z plane when the y coordinate is zero, with white lines
dividing patterned gold, aluminum nitride, and gold regions. The incident wave is a plane wave at
a normal incidence, and it has an amplitude of electric field as E = 1 V/m and an amplitude of
magnetic field as H = E/Z0 = 0.00265 A/m, where Z0 is the impedance of the free-space.

Figure 4.6 Simulations for an array of 100 nm Au squares with a 460 nm period.
Incident E-field is along the x axis. Calculated electric- and magneticfield intensities are shown as labeled for the three peak-absorption
wavelengths of: 643 nm, (a)-(c); 693 nm, (d)-(f); and 811 nm, (g)-(i).

In the transfer-matrix calculation, it was found that a uniform AlN layer on Au support two
resonance modes in the simulated space. These modes are called a surface plasmon polariton (SPP)
mode and a TE slab-waveguide mode. After comparing the wavelength-ordering of these modes
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and the dispersion to those in the simulations, the reddest mode is attributed in Figure 4.4(a) to a
grating-coupled surface plasmon mode. Figure 4.4(a) shows the dispersion with the period of an
array for the small square size of 140 nm. The magnetic field patterns show a strong magnetic
response, as the intensity of magnetic field reaches to about 500 mA2/m2 under the square and at
the edges of the zone in Figure 4.6(h). This intensity patterns are also expected for a SPP standing
wave. This represents that an enhancement is over 69 times to the incident magnetic field, which
dominates the enhancement of electric field, which is approximately 30 times in Figure 4.6(g).
These calculation results show that SPPs are coupled at the [10] diffraction condition, which means
that l is 1 and m is 0. [10] condition means that SPPs are launched in the x-direction, which is the
same direction with the polarization direction of the incident light.

Figure 4.7 Simulations for an array of 180 nm Au squares with a 460 nm period.
Simulated electric- and magnetic-field intensities at the two peakabsorption wavelengths of: 689 nm, (a)-(c); and 841 nm, (d)-(f).
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In Figures 4.6(g - i), it is seen that the electric and magnetic field are enhanced near the gold square
patterns when SPPs are resonantly coupled. These field patterns resemble a well-known localized
surface plasmon mode reported for similar MIM structures consisting of a metal structure,
separated from a thick bottom metal film with a spacing layer, which is dielectric
material [55,58,60,75]. This mode has been called as a magnetic resonance mode [58] , where
conduction currents in the metal plane and displacement currents in the dielectric plane encircle inplane magnetic dipole field. This mode has been also called as a quadrupole-like mode [60], named
to mean the conduction currents in the opposite directions in the metal substrate layer and metal
square. This mode has been also called in other way as a lateral Fabry-Perot mode [55,75], wherein
surface plasmon wave bounces back and forth inside the metal nanostructure.
Similarly in Figures 4.7 – 4.9, electromagnetic field plots in the second row shows a magnetic
resonance mode. Figure 4.10 shows spectra of calculated scattering cross section for the isolated
gold square of two different sizes, positioned on a 90 nm thick aluminum nitride layer on a gold
film on substrate. The sizes of single gold square are 100 nm and 140 nm, respectively. In the
spectra of the scattering cross section, the peaks correspond to the localized magnetic resonance
modes at the two different wavelengths in the near infrared. For the gold square size of 100 nm, the
wavelength at the localized resonance mode is 980 nm as indicated as the red arrow in Figure 4.10.
Inset of Figure 4.10 shows the electric and magnetic field profiles for the localized resonance mode,
excited at normal incidence. The electromagnetic field patterns closely resemble those for a 100
nm gold square in an array, as plotted in Figures 4.6(g) and 4.6(h).
To discover the resonance spectrum of the single metal square as the MIM element, scattering cross
section of a single square with 140 nm size in MIM structure is calculated. The calculation is
implemented by the FDTD method with PML boundary condition in all boundaries enclosing
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simulation space. It is important to notice that for this array geometries, the frequency at resonance
computed with the FDTD method for the localized mode of a single metal square, positioned too
far to longer wavelength to directly interact with the grating-coupled SPP mode. For a similar
metamaterial structure, when the localized mode is degenerate with the grating coupled surface
plasmon mode, a strong direct interaction has been indicated in advance, leading to an avoided
crossing [69]. For this case as shown in Figure 4.10, scattering cross section of a single square with
140 nm size is computed. A magnetic resonance mode is found near 1140 nm, which is spectrally
off scale compared with the period-dependent dispersion for 140 nm squares as seen in Figure
4.4(a). In addition, spectrum of the single-square resonance is very broad. It is seen that spectral
wing of this localized resonance mode overlap with the propagating SPP. This overlap enhances
strong localized magnetic resonance mode, observed in Figures 4.6(g) and 4.6(h).

Figure 4.8. Simulations for an array of 260 nm Au squares with a 460 nm period.
Simulated electric field and magnetic field intensity distributions at
the absorption wavelengths of: 647 nm, (a)-(c); and 835 nm, (d)-(f).
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In addition to surface plasmon waves propagating at the Au-AlN boundary between squares, I also
found that the aluminum nitride dielectric layer between the gold square and the gold substrate
supports both TM mode and TE MIM-mode, which is very lossy. The two modes do not occur in
the one-dimensional MIM structure. These modes can also be predicted to couple diffractively,
especially the size of gold square increases to cover a large fraction of the array area. In the reddest
TM mode, the coupling condition can be roughly approximated, when two types of in-plane TM
modes participate with the expression kmim s + kspp (p-s) = 2m, where kmim is the wavevector of the
surface plasmon-polariton supported in the gap between metal square and substrate, kspp is the
wavevector of the surface plasmon polariton between metal squares, s is the side-length of the
square, p is the period of an array, and m is a diffraction order that assume to be 1. The formula
simply explains that at a diffractive resonance, a total of 2 phase is accumulated as a wave
propagates across a unit cell. In other words, an surface plasmon wave travels from the edge of one
square to the other edge of an adjacent square over a distance (p-s). This is where an surface
plasmon wave couples to a MIM-SPP, which then propagates into the direction of the length of the
square. The coupling condition can be expressed in terms of modal indices and the free-space
wavelength 0 as

0 = nmim s + nspp ( p − s ) .

(4.2)

Using the wavelength-dependence of the modal indices derived from transfer-matrix computations,
one of the coauthor James P. Long obtained the dispersion data [20]. I plot the data as dashed black
curves in Figures 4.4(a – d) the dispersion with array-period p implied by Eq. (4.2), and in Figures
4.5(a – d) the dispersion with square-size. Although the model is quite simple, the dispersions
calculated with the modal index method agrees well with the dispersions calculated with the FDTD
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method, in terms of the wavelength at the absorption band and the rates of dispersion, considering
that no parameters are adjusted to fit to the dispersion calculated with the FDTD method.
As described above, the TM character of the reddest mode in Eq. (4.2) leads to pattern of field
intensity, which is consistent with a grating-coupled SPP wave propagating in the x-direction, for
an array of a period of 460 nm and a square size of 100 nm, as seen in Figures 4.6(d – f). The TM
character of the reddest mode is also apparent as square size increases, as seen in the calculated
intensity patterns of Figures 4.7(d – f) for 180 nm squares; Figures 4.8(d – f) for 260 nm squares;
and Figures 4.9(d – f) for 340 nm squares. The strength of the localized resonance fields follows
the strength of reflectance dips in the far field. The strength becomes weaker and then stronger as
the size of square increases. When the size of square is largest, the TM wave propagating in xdirection encounters the MIM configuration. The absorption is weaker for square sizes where the
in-plane surface plasmon wave propagates roughly equally in slab and MIM configurations. The
simulations thus show that a desired absorption wavelength can be achieved by controlling period.
In addition, a designer can also control the strength of the absorption by varying the size of square.
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Figure 4.9 Simulations for an array of 340 nm Au squares with a 460 nm period.
Simulated electric field and magnetic field intensity distributions at
the peak absorption wavelengths of: 611 nm, (a)-(c); and 881 nm, (d)(f).

In addition to the reddest mode at larger wavelengths considered so far, two closely spaced bands
appear in Figure 4.4 at shorter wavelengths, which is grating-coupled. These modes do not overlap
with the dispersions given by Eq. (4.2) for modal indices computed with the transfer matrix method.
From the spectral ordering computed with transfer matrices, the mode at the shortest wavelength
in Figure 4.4(a) is a TE [01] slab-waveguide mode, and the mode at the longer wavelength is the
SPP [11] mode.
However, calculated field intensity distributions do not permit an unclear assignment, as displayed
at the resonant wavelength of arrays consisting of 100 nm squares in Figures 4.6(a – f). In these
field distributions, a TE standing wave looks to propagate in the y-direction in Figure 4.6(d), which
is connected to the intermediate mode at 693 nm shown with the solid white line in Figure 4.4(d).
This is because the intensity of an electric field is strong at the edges of the unit cell, which are
parallel to the x-axis. A TE mode propagating in the y direction is consistent with the x-polarized
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incident field. However, a close inspection of the intensity of magnetic field in the accompanying
Figure 4.6(e) shows interference with a mode of [11] character.
Similarly, the distributions of field intensity of Figures 4.6(a – c), connected to the bluest gratingcoupled mode marked with the white dashed line in Figure 4.5(d), show a mixed character. It may
not be interesting that the distributions of field intensity are unclear, given the near degeneracy of
the two grating-coupled modes. In fact, these modes for a period of 460 appear to spectrally merge
and overlap for the sizes of a square between near 175 nm and near 350 nm as seen in Figure 4.5(d).
In addition, the two modes are not resolved for smaller periods as seen in Figures 4.5(a – c). The
distributions of field intensity for these modes display that they are increasingly consistent with a
TE mode travelling in the y-direction as the size of a square increases. Therefore, it is identified
that both TM and TE resonance modes are present, which occur in the visible and near infrared.
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Figure 4.10. Computed scattering cross section spectra for two single isolated
Au-squares lying on a 90 nm thick film of AlN deposited on an Au
substrate. The two squares have side lengths of 100 and 140 nm. Note
the rapid dispersion with size of the mode in the near IR. Inset:
Electric and magnetic field intensities at the resonance wavelength of
0.98 micron for the 100 nm metal square, plotted in a plane parallel
to the substrate and bisecting the AlN film. Compare the patterns in
Figures 4.6(e) and 4.6(f) for a 100 nm square in an array at the bluer
grating-coupled wavelength.

4.6 Conclusion
Comprehensive experimental and computational investigations of the metal-insulator-metal
structure are carried out. Resonance modes in visible and near-infrared spectral range are revealed.
Absorption bands in numerical FDTD simulations are similar to those measured in reflectance
spectra. The dispersions of the absorption modes depend on the period of an array. The simulated
field pattern of electric and magnetic field shows that the absorption modes are primarily caused
by grating coupling of the normally incident beam into lossy, non-localized in-plane traveling
waves. In the MIMI structure, TE slab-waveguide mode and TM surface-plasmon-polariton mode
are excited. It is found that the two modes caused strong absorption bands in both the visible and
near infrared spectral ranges. It is also found that a localized mode associated with the magnetic
resonance of a single square enhanced the TM surface-plasmon polariton mode corresponding to
the near-infrared band, if square size is small. For larger square sizes, the square size influences this
near-infrared band and weakly shifts to the red. Measured reflectance is as small as 5.3%, and
simulation results show that absorption can be stronger if the device is fabricated without defect.
Results in this chapter can be useful to design perfect light absorbers in visible and near infra-red
spectral range, possibly for the application of sensing and photodetector devices.
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HYPERUNIFORM GAP PLASMON RESONANCE NEAR-

PERFECT LIGHT ABSORBER

5.1 Introduction
Subwavelength metallic nanostructures can enhance light absorption via surface plasmon
resonance [76] and may contribute significantly to many applications such as a biosensor [77],
solar energy harvesting [78], and a photodetector [79]. One structure for enhancing light absorption
is the gap plasmon structure consisting of a patterned metal film separated from a thick metal film
with a thin dielectric layer. Inside the dielectric gap layer, the electromagnetic field is strongly
enhanced [80,81] at resonance, leading to perfect and near-perfect light absorption in the
visible [55,57] infrared [58–62,82,83], microwave [84–87], and terahertz [63,64,66,88,89]
frequencies. In the pursuit to extend the spectral range of such absorbers, patterns consisting of
elements with multiple sizes [55,59,60] and intentionally randomized distributions have been
investigated [90,91] and have, indeed, exhibited broader absorption signatures. However, these
come at the expense of increased region to region particle density variance, therefore limiting largearea device performance.

67

In a gap plasmon resonance structure, peak absorption wavelengths arise from coupling of local
and non-localized resonances which can be tuned by altering patterned metal particle size and
periodicity, respectively. The extended periodicity of a simple periodic array would exhibit
spatially uniform non-localized plasmonic modes. If periodicity is disturbed and inter-element
distances vary from one region to another, the non-localized surface plasmon modes will not be
uniform, thus broadening the spectral absorption footprint. The extreme example of this approach
is to simply randomize the positions of array elements which creates a broad distribution of interparticle distances, and correspondingly, a distribution of resonances. This approach has been
applied to metallic apertures [92,93] and metallic elements on dielectrics [94–96]. However, an
important property of complete randomness is the increased variation of element density as the
sampled region grows. [97,98] As the radius of a sampling area in a two-dimensional planar system
increases, the variance of the observed element density between sampled regions increases as R2 .
Therefore, as the active device region is increased to technologically useful scales, element density
will vary wildly from region to region rendering some areas of the structured surface useless.
On the other hand, a hyperuniform structure is a limited disorder structure in which the spatial
position of each element is displaced from its ideal location but only by a limited range. Critically,
in a hyperuniform arrangement, the density of elements has limited variation from one region to
another. The mathematical definition of a two-dimensional hyperuniform structure is that the
variance of element density increases only as R1 , as opposed to the R2 dependence exhibited in
random distribution, resulting in drastically less density fluctuation of elements at larger areas.
Hyperuniform organizations have been found in nature [99] and applied to engineered
transparency [100] and photonic bandgaps [101]. However, this powerful concept has yet to be
applied for engineered absorption of gap-plasmon resonance structures. In this chapter, I
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experimentally investigated a gap plasmon structure guided by the principle of hyperuniformity
and found greatly enhanced absorption bandwidth associated with the use of a hyperuniform
structure.

5.2 Hyperuniform structure
Lattice points of a periodic pattern and a hyperuniform pattern are illustrated in Figure 5.1(a) – (b).
A black square in the upper left corner shows a unit cell, where assignable spots of a lattice point
are displayed with a red dot or a red box. As shown in Figure 5.1(a), location of a periodic lattice
point is restricted at the center of a unit cell. On the other hand, hyperuniform lattice points can be
located in the other area, denoted by a red box in Figure 5.1(b). Maximum displacement d in a red
box is a maximum coordinate shift of lattice points in x and y, relative to the center of a unit cell.
Thus, the red box defined with d represents the region in which a hyperuniform lattice points can
be located. Range of d in this research is from 0 to 250 nm, where 0 nm corresponds to a periodic
pattern. A hyperuniform pattern is different from a random pattern, as only one hyperuniform
lattice point can be located in a unit cell. On the contrary, multiple random lattice points can be
located in a unit cell.
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Figure 5.1 (a) Periodic pattern where dots are centered in the unit cell. (b)
Hyperuniform pattern where dots are not centered, but still remains in
the unit cell.

The fractions of the number distributions of the hyperuniform lattice points are plotted as a function
of maximal displacement and displacement distance in the x direction in Figure 5.2(a). In the figure,
maximal displacements are set as 0 nm(periodic), 100 nm, 150 nm, 200 nm, and 250 nm. Particle
density is 4.0 particles/µm2, which corresponds to the particle density in a periodic pattern of
500 nm period. Figure 5.2(b) shows the histogram for particle center to center distances as a
function of the displacement range. Because each element can move up to the distance d in ±x
direction from the periodic lattice points, it is reasonable that the distances between the centers
range from (500 – 2d) to (500 + 2d) nm. Although the fraction particles located at a given
displacement distance is uniformly distributed in Figure 5.2(a), the distribution of the center to
center distances is not uniform. The fraction is highest when the distance is close to periodic lattice
period of 500 nm, and linearly decreases to zero as the distance deviates from 500 nm. 75% of
distances fall in the range from (500 – d) to (500 + d). Figures 5.2(c) and 5.2(d) show the mean and
variance of the number of elements within sampling circle of radius r, for the periodic,
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hyperuniform, and random patterns. The variance of sampled particle density is given by the
following equation:

1
Var =
N

N

(m − x ) ,
2

i

i =1

(5.1)

where Var is a variance, N is the number of sampling circles, i is the index for sampling circles in
different locations, xi is the number of lattice points in the i-th sampling circle, and m is a mean of
all xi’s. N is set as 121 so that numbers of elements are sampled from 121 circles centered at
different periodic lattice points. Because the area of circle increases as R2, the mean of element
numbers of all patterns increases with R2, as shown in Figure 5.2(c). In contrast, the scaling of the
variance is quite different for various structures, Figure 5.2(c). The particle density of a perfectly
periodic structure is identical from region to region resulting in zero variance. The structures
generated with nonzero d, however, exhibit variance proportional to the radius, conforming to the
expectation of a hyperuniform structure. In the random structure, variance increases as the second
order of the sampling circle radius. This means that not only is the variance of the random structure
larger than that of the hyperuniform organization, but that this variance increases drastically for
large areas.
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Figure 5.2 (a) The fraction of elements with displacement in the x direction. (b)
The fraction of distances between the nearest lattice points in the x
direction. (c) Mean and (d) variance of number of elements for
periodic, hyperuniform structures with maximal displacements of 100
nm, 150 nm, 200 nm, and 250 nm, and the random structure.

5.3 Hyperuniform gap plasmon resonance structure
In Figure 5.3(a), the hyperuniform gap-mode structure consists of a layer of patterned gold particles,
an aluminum nitride layer spacer, and an optically thick gold film of respective thicknesses 60, 90,
and 300 nm. Figure 5.3(b) illustrates moving area of an element center and movable distance.
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Figure 5.3 (a) Schematic of the hyperuniform gap plasmon resonance structure
where the distribution of the patterned metal squares is non-periodic
and also non-random. (b) Region of element center in a unit cell.

5.4 Device Fabrication
To fabricate the structure with the electron beam lithography, DesignCAD file containing the
hyperuniform pattern should be generated. Because the hyperuniform pattern is not periodic,
pattern file cannot be generated with the internal function of DesignCAD program. To avoid
assigning the center coordinates of the thousands of elements, I wrote a MATLAB code to
automatically generate the hyperuniform pattern. To easily execute and use the code, I programmed
in graphic user interface as seen in Figure 5.4. I named the program as Lithography Pattern
Generator, which is very powerful to generate the lithography pattern of the hyperuniform structure.
Size of elements, period, movable distance, and patterning area are adjustable.
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Figure 5.4 Lithography pattern generator program written with MATLAB.

When d is greater than 0, locations of points deviate from the periodic lattice points as in Figure
5.5(a), and the terminology of period becomes ill-defined. As a result, structures will be discussed
in terms of areal density which are 4.9, 4.4, 4.0, 3.6, and 3.3 particles/µm2 , corresponding to the
particle density of periodic patterns of 450 nm, 475 nm, 500 nm, 525 nm, and 550 nm periods. The
densities are calculated by dividing the number of gold squares by the sample area of 220 µm ×
220 µm. The entire multi-layer is produced on a silicon wafer. The patterned gold particles are
squares that are 210 nm per side. Figure 5.5(a) – (d) shows scanning electron micrographs (SEM)
of patterns with displacement ranges d = 0 (periodic), 100, 250 nm, and a random distribution of
gold particles. In Figure 5.5(a), the element positions correspond perfectly to the periodic lattice
arrangement. As d is increased to 100 and 250 nm, the structure appears somewhat disordered, seen
in Figure 5.5(b) and (c), and in fact, when d = 250 nm some of the gold particles even overlap each
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other since d is larger than the gap between particles in this case. A random structure in Figure
5.5(d) shows the particle density varying significantly from one area to another and overlapping of
gold disks is more common.

Figure 5.5 Scanning electron micrograph of (b) periodically patterned gold disks,
hyperuniformly patterned gold squares with maximal displacement
of (c)100 nm and (d)250 nm, and (e) randomly patterned gold disks.

5.5 Reflectance Measurement
Figure 5.6 shows reflectance spectra for gold particle densities of (a) 4.9, (b) 4.4, (c) 4.0, and (d)
3.6 particles/µm2 , each with varying displacement ranges. In all cases, the reflectance for the
periodic structure, d = 0, is shown in blue and exhibits two sharp dips corresponding to absorption
into the local and traveling plasmon modes. The bluer of the two dips is caused by the long range
coupled surface plasmon resonance and the redder by weakly coupled localized plasmon
75

resonances associated with individual elements. In general, as the displacement range is increased,
the long range resonance is lost and a broad reflectance grows in towards the red and near infrared
regions. The resonant feature associated with individual elements remains roughly fixed though it
deepens. These results indicate that the long range surface plasmon resonance weakens as the
periodicity is broken and a strong broad absorption is generated for the hyperuniform structures.
Results for random structures show somewhat lower reflectivity in the 1-1.2 m region at the
expense of higher reflectivity throughout the visible regime. Increased spatial variance associated
with random pattern reduces the overall performance of structures.

Figure 5.6 Reflectance of hyperuniform structure for gold square densities of (a)
4.9, (b) 4.4, (c) 4.0, and (d) 3.6 particles per µm squared.
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Spectral trends as a function of particle density are more clearly seen in Figure 5.7 which presents
the spectral comparisons for structures of a single displacement range on a single plot. When the
displacement range is zero, as shown in Figure 5.7(a), localized and non-localized modes are
clearly distinguishable. Resonance wavelength of the both resonance mode shifts with period, as
seen in the inset of Figure 5.7(a). In Figure 5.7(b), data is shown for d = 100 nm. In this case,
periodicity is broken and reflectance spectra broadened due to the non-localized resonance mode
becoming weaker. This trend continues for d = 250 nm, Figure 5.7(c), where the bandwidth of
surface plasmon resonance has become significantly wider. For gold particle densities of 4.9 and
4.4 particles/µm2 , the lattice spacing is small enough that some of gold squares touch each other
as seen in Figure 5.7(c). Touching of gold squares means that the size of some resonators has nearly
doubled resulting in a significantly longer resonance wavelength. The single and double-sized
resonators result in two resonance wavelengths. When gold particle densities are as small as 4.0,
3.6, and 3.3 particles/µm2 , particles cannot overlap so one very wide absorption band exists. In
the random structures, overlapping is more common and more than two gold squares can merge
into one large element. This means that random structures have gold elements of multiple sizes and,
as a result, reflectance from random structures is generally flatter than that of hyperuniform
structure.
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Figure 5.7 Reflectance of hyperuniform structure with displacement range of (a)
0 nm (periodic), (b) 100 nm, (c) 250 nm, and (d) random.

5.6 Conclusion
Hyperuniform gap-plasmon resonance devices with different variance of densities were fabricated
and characterized in the visible and near IR spectral range. It is found that gap-plasmon
hyperuniform structure exhibits broader reflectance spectra as the maximal displacement of gold
square increases. When the maximal displacement increases close to the boundary of the unit cell,
the reflectance spectra is broad as the random pattern. The non-uniform inter-element distances of
hyperuniform pattern results in the non-uniform gap-mode plasmon resonators with different
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resonance wavelengths, broadening absorption band. The hyperuniform geometry can be used as
a top metal layer to maximize bandwidth of absorption spectra, which can be applied for lightabsorbing devices such as solar cells.
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SUMMARY AND SUGGESTED FUTURE WORK

6.1 Summary
In this research, several optical nanostructures were investigated. At first, it was found that starshaped gold aperture transmits light via extraordinary transmission. Transmission characteristics
depend on the period and vertex angle, showing shorter peak wavelength as the vertex angle and
the area of the star hole increases. Because only the light near resonance wavelength can transmit,
this structure can be used as a color filter.
Metamaterial consisting of gold grating structure has been investigated with the concept of an
effective medium. The structure has dielectric property in one direction and metallic property in
the other direction, rendering antireflection property for only one polarization. As a result, the
grating sturucture can be used as polarization-selective antireflection coating. The other advantage
is that the period of the grating does not need to be much smaller than the wavelength of incident
light. This makes fabrication of the antireflection coating easier. It is also found that the surface
plasmon resonance decreased reflection of light and enhanced transmission of light. Wavelength
at antireflection is about four times to the thickness of gold grating. Finally, the characteristics of
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antireflection occurs only in the small range of angle of incidence. This metamaterial structure will
be useful if light coming from an oblique angle should be rejected.
In the periodic metal-insulator-metal structure, absorption property was
investigated. If is found that absorption wavelengths or absorption bands depend on the
period of an array and size of gold square. The absorption modes are caused by nonlocalized surface plasmon waves and localized surface plasmons. The two absorption
modes caused strong absorption in the visible and near-infrared spectral ranges.
If periodicity is broken in metal-insulator-metal structure, it is found that the
bandwidth of the absorption band is greatly increased. It is also found that bandwidth of
the absorption band depends on the degree of disorder. This indicates that breaking
periodicity is useful to achieve wideband light absorber, and the bandwidth of the
absorption band can be controlled by adjusting the degree of disorder.

6.2 Suggested Future Work
The investigated thin-film structure exhibits good property as an optical component,
with potential applications for color filter, antireflection coating, and light absorber.
Transmission property, antireflection property, and absorption property changes with the
size of elements in unit cell, and with period of an array. As a result, desirable optical
property can be achieved by designing the dimensions of the structure and selecting
material. The optical property is determined by geometrical factor and material property,
but not by an electric signal. This means that the investigated thin-film devices are a passive
element.
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If optical property of one layers in the structure can be changed with an electric signal
such as voltage, resonance wavelength of the structure will change. This will allow electric
control of transmission and absorption property with time. If dielectric constant of aperture
changes with electric signal, transmission of light can be electrically controlled. If
dielectric constant of antireflection coating changes, antireflection property can be
controlled. If dielectric constant of the dielectric layer in the MIM structure can be tuned
with electric signal, absorption can be switched on and off electrically.
The refractive index of band-gap material changes with applied voltage. I’d like to
research active optical devices with band-gap material, such as Indium Tin Oxide. This
will allow to control the optical properties of metamaterials, which may result in shifting
of transmission band, reflection band or absorption band. Transmission, reflection,
absorption can also be turned on or off by users, resulting in more convenient lives.
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